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SynechocystisIn cyanobacteria, strong blue-green light induces a photoprotective mechanism involving an increase of en-
ergy thermal dissipation at the level of phycobilisome (PB), the cyanobacterial antenna. This leads to a de-
crease of the energy arriving to the reaction centers. The photoactive Orange Carotenoid Protein (OCP) has
an essential role in this mechanism. The binding of the red photoactivated OCP to the core of the PB triggers
energy and PB ﬂuorescence quenching. The core of PBs is constituted of allophycocyanin trimers emitting at
660 or 680 nm. ApcD, ApcF and ApcE are the responsible of the 680 nm emission. In this work, the role of
these terminal emitters in the photoprotective mechanism was studied. Single and double Synechocystis
PCC 6803 mutants, in which the apcD or/and apcF genes were absent, were constructed. The Cys190 of
ApcE which binds the phycocyanobilin was replaced by a Ser. The mutated ApcE attached an unusual chro-
mophore emitting at 710 nm. The activated OCP was able to induce the photoprotective mechanism in all
the mutants. Moreover, in vitro reconstitution experiments showed similar amplitude and rates of ﬂuores-
cence quenching. Our results demonstrated that ApcD, ApcF and ApcE are not required for the OCP-related
ﬂuorescence quenching and they strongly suggested that the site of quenching is one of the APC trimers emit-
ting at 660 nm. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from
Natural to Artiﬁcial.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Light, which is essential for photosynthesis, could become a
major source of stress for photosynthetic organisms like plants,
algae and cyanobacteria. Under low and medium irradiance, most of
the light energy absorbed by the antennae and directed to the reaction
centers is used for the photochemical reactions. Less than 10% of this en-
ergy is dissipated as heat or comes back as ﬂuorescence. However,
under high light conditions, the photosynthetic electron transport
chain becomes reduced and only a small portion of the energy absorbed
is then used for photosynthesis. The excess energy induces the forma-
tion of dangerous reactive oxygen species at the level of both photosys-
tems causing the damage of Photosystem II and of the translational and
transcriptional machinery (for reviews see [1,2]). In order to diminish
the formation of these species, oxygenic photosynthetic organisms
have developed a photoprotective mechanism that decreases theynthesis Research for Sustain-
Saclay, 91191 Gif sur Yvette,
y).
l rights reserved.energy arriving to the reaction centers by increasing the energy dissipa-
tion via heat at the level of the antenna (reviews [3-5]).
In cyanobacteria light is principally collected by the phycobilisome, a
large extramembrane complex covalently binding red and blue chromo-
phores (phycobilins). The phycobilisome (PB), which is built of phycobi-
liproteins and linker proteins, consists of a core from which radiate rods
(reviews [6-9]). In Synechocystis PCC 6803 [10], the strain used in this
work, the rods are formed by 3 hexamers of the blue phycocyanin (PC).
The PC, a heterodimerαPC-βPC, binds 3 phycocyanobilins, 2 to theβ sub-
unit andone to theα subunit. The rods and thehexamers are stabilizedby
non-chromophored linker proteins (LR10, LR30, LR33 and LRC). LRC also stabi-
lizes the binding of the rods to the core. The core consists of 3 cylinders,
each one formed by 4 trimers of allophycocyanin (APC) (Fig. 1). Two
third of these trimers contain 3 APC formed by a heterodimer αAPC-
βAPCwhich binds 2 phycocyanobilins, one in each subunit. These trimers
have a maximal emission at 660 nm (APC660). The upper cylinder con-
tains only APC660 trimers. In contrast, each basal cylinder contains 2
APC660 trimers, one trimer in which one αAPC subunit is replaced by a
special αAPC-like subunit called ApcD and a last trimer in which one β
subunit is replaced by ApcF, a βAPC-like subunit, and one α subunit is
replaced by the N-terminal domain of ApcE, a αAPC-like domain
(Fig. 1). Each of these special APC-like subunits binds a single
(αβ)3LC8  (660 nm)
(αβ)3 (660 nm)
(αβ)2(ApcEApcF) (680 nm)
(αβ)2 (ApcDβ)LC8 (680 nm)
Fig. 1. Schematic orthogonal projection of the tri-cylindrical core of Synechocystis. The
ﬁgure is based on the model presented in [10].The top cylinder (noted A) contains only
ApcA-ApcB trimers emitting at 660 nm. Each of the basal cylinders (noted B), adjacent
to the membrane, contains two trimers emitting at 660 nm (ApcA3 ApcB3) and two tri-
mers emitting at 683 nm: ApcA2 ApcD ApcB3 and ApcA2 ApcB2 ApcF ApcE. In each cyl-
inder the 2 external trimers contain a 8.7 kDa linker protein (ApcC).
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subunits have a maximal emission at 680 nm (APC680). It was proposed
that the red shift of the absorbance and emission of these subunits is re-
lated to an additional polarity around the bilin [11]. The trimer containing
ApcD is one of the external trimers, in contrast the exact position of the
trimer containing ApcF and ApcE remains to be elucidated (see review
[7]). It is not clear if these two trimers are in contact. In each cylinder
the 2 external trimers are stabilized by a 8.7 kDa linker protein [7].
The ApcE subunit is also essential for the stabilization of the core of
the PB [12-15]. The C-terminal part of Synechocystis ApcE contains 3 re-
peated domains of about 120 residues (Rep) which are similar to the
conserved domains of rod linkers and most probably are involved in
the interaction between the APC trimers [16-18]. ApcE was previously
called Lcm because it is also involved in the interaction between the
PB and the thylakoids. First, it was suggested that a loop of about 50
aminoacids that interrupts the N-terminal APC-like domain is involved
in the attachment of PBs to the thylakoids [16-18]. However, Ajlani and
Vernotte (1998) demonstrated that deletion of this loop does neither
affect the integrity of the PB nor its binding to the membranes. They
proposed that the region between Rep 2 and 3, called arm 2, is the
one that participates in the PB-membrane interaction [12].
In most of the PB-containing cyanobacteria strains, light activates a
35 kDa soluble protein attaching a ketocarotenoid, theOrangeCarotenoid
Protein (OCP) [19]. The activated OCP binds to the PBs [20] and induces
an increase of thermal dissipation of excess energy; thereby decreasing
the energy arriving to both reaction centers (RCII and RCI) [19,21,22].
As a consequence also the yield of ﬂuorescence decreases. This character-
istic is very useful to follow the induction of the photoprotective mecha-
nism known as the OCP-dependent nonphotochemical (NPQ)
mechanism. Since the activation of the OCP has a very low quantum
yield, the concentration of activated protein is zero or very low in dark-
ness and under low light conditions [23]. Thus, the photoprotective
mechanism functions only under high light conditions. OCP-like genes
are absent in about 20% of the already sequenced cyanobacteria strains
(ex: Synechococcus elongatus PCC 7942; Termosynechococcus elongatus)
[24,25]. These strains lacking the photoprotective mechanism are more
sensitive to high irradiance [24]. In Synechocystis PCC 6803 (hereafter re-
ferred to as Synechocystis), OCP is constitutively expressed but stress con-
ditions like high light, iron starvation or high salt increases itstranscription [26–29]. Since there is a direct relationship between the
concentration of OCP and the strength of the photoprotectivemechanism
[20], under stress conditions the importance of this OCP-related mecha-
nism in photoprotection is higher than in laboratory normal growth con-
ditions (30–90 μmol photons m−2 s−1).
The discovery of the OCP [30], its ﬁrst isolation [30,31] and the resolu-
tion of its structure [32] were realized long time before its role in photo-
protection was elucidated [19]. The soluble apo-protein binds one
carotenoid molecule, the ketocarotenoid 3’-hydroxyechinenone (hECN).
It is largely buried in the OCP and spans the all α-helical N-terminal do-
main and the α/β C-terminal domain [32,33]. The OCP is a photoactive
protein [23]. Absorption of blue-green light by its bound hECN induces
conformational changes in the carotenoid and the apo-protein, convert-
ing the stable dark orange OCP form into an activated metastable red
OCP form. The carbonyl group of the carotenoid is essential for the photo-
activity [34]. Only the red activated OCP form is able to bind to the PBs
[20]. Thus, mutated OCPs, which are not converted to the red form
upon light absorption, are unable to induce ﬂuorescence quenching
[33–35]. In vitro reconstitution experiments demonstrated that while
the red OCP accumulates more and more with an increasing light inten-
sity, its binding to the PBs is light independent [20]. This light indepen-
dent binding of the activated OCP to PBs was also observed in in vivo
experiments [36,37].
The recovery of the full antenna capacity and ﬂuorescence after
exposure to a high irradiance needs another protein, the Fluorescence
Recovery Protein (FRP) [38]. This soluble 13 kDa protein interacts as a
trimer only with the activated red OCP [38]. It accelerates the red to
orange OCP conversion and helps the OCP to detach from the PB
[20,38].
The study of the OCP-related NPQ mechanism in Synechocystis
mutant strains containing PBs formed only by the core or only by
the rods strongly suggested that OCP interacts with the core of the
PB [19]. This was recently demonstrated by in vitro reconstitution ex-
periments in which phycobilisome ﬂuorescence quenching was in-
duced upon illumination of isolated PB cores [20]. In contrast, OCP
was unable to bind and quench the ﬂuorescence of PBs containing
only PC rods [20]. However we were unable to demonstrate to
which type of trimer, APC660 or APC680, the OCP binds. The site of
binding must be very speciﬁc since only one OCP bound to the PB is
sufﬁcient to quench its ﬂuorescence [20]. The structures of ApcD,
ApcF and the N-terminal region of ApcE are rather similar to the α
and β APC subunits but not identical [11]. Also the exposed charges
of the proteins differ [11]. These differences could determine that
OCP interacts only with APC660 or only with APC680 trimers.
The site of quenching in theWT PB core remains one of the impor-
tant questions to be elucidated. To answer this question, we have
constructed single and double phycobilisome Synechocystis mutants
and studied the OCP-related NPQ mechanism in these strains. In
vitro reconstitution experiments using isolated PBs and OCP clearly
showed that none of the subunits emitting at 680 nm is essential for
ﬂuorescence and energy quenching.
2. Materials and methods
2.1. Culture conditions
The mesophylic freshwater cyanobacteria Synechocystis PCC 6803
wild-type andmutants were grown photoautotrophically in a modiﬁed
BG11 medium [39] containing a double amount of sodium nitrate and
appropriate quantities of antibiotics. Cells were kept in a rotary shaker
(120 rpm) at 30 °C, illuminated by ﬂuorescent white lamps giving a
total intensity of about 30–40 μmol photons m−2 s−1 under a CO2-
enriched atmosphere. Cells were maintained in their logarithmic
phase of growth. For PBS isolation, cells were grown in 3 L Erlenmeyers
in a rotary shaker under a light intensity of 90–100 μmol photons
m−2 s−1. They were harvested at OD800=1.0.
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2.2.1. ΔApcD plasmid
A 1-kb DNA region surrounding the sll0928 gene encoding for
ApcD was ampliﬁed by PCR using genomic DNA of Synechocystis as
template. Two synthesized restriction sites- creating oligonucleotides
were used as primers: FD_NotI and RD_XhoI (Table SI and ﬁg. S1A).
The resulting PCR product was cloned in the polylinker NotI-XhoI re-
striction sites of pBluescriptSK+ plasmid (Stratagene) thanks to the
NotI and XhoI sites engineered by the amplifying primers. The
sll0928 gene was interrupted by inserting a 1-kb DNA fragment con-
taining a gene conferring resistance to chloramphenicol in the unique
BamHI restriction site.
2.2.2. ΔApcF plasmid
A 1 kb DNA region surrounding the slr1459 Synechocystis gene
encoding for ApcF was ampliﬁed by PCR using the oligonucleotides
FF_NotI and RF_XhoI (Table SI and ﬁg. S1B). The resulting PCR product
was digested by NotI and XhoI restriction enzymes and cloned in the
polylinker NotI-XhoI restriction sites of pBluescript SK+ plasmid. The
slr1459 genewas inactivated by insertion of a 2.2-kbDNA fragment con-
taining the aadA gene from Tn7, giving resistance to Spectinomycin/
Streptomycin (Sp/Sm), in the unique PstI site.
2.2.3. ApcE-C190S plasmid
A 3.4-kb DNA region containing the slr0335 gene of Synechocystis,
encoding for ApcE, was ampliﬁed by PCR using the oligonucleotides
FE_NotI and RE_XhoI (Table SI and ﬁg. S1C). The PCR product was
digested with the NotI and XhoI restriction enzymes then cloned in
the polylinker NotI-XhoI restriction sites of pBluescript SK+ plasmid.
A PmlI restriction site was created 151-pb downstream of the
slr0335 stop-codon to insert a cassette conferring resistance to Sp/
Sm in the obtained plasmid. The point mutation was created by site
directed mutagenesis using the Quickchange XL kit of Stratagene
and synthetic mutagenic oligonucleotides FE_PmlI and RE_PmlI
(Table SI and ﬁg.S1C). The C190S point mutation in ApcE was
obtained using primers FE_C190S and RE_C190S (Table SI and
ﬁg.S1C). These oligonucleotides introduced a second mutation that
suppresses a unique ClaI restriction site present in slr0335. The pres-
ence of the mutations was checked through digestion with the ClaI
restriction enzyme and conﬁrmed by sequencing.
2.3. Transformation, selection, genetic analysis of mutants.
The ΔApcD, ΔApcF, apcE-C190S plasmid constructs were used to
transform WT Synechocystis cells. Selection was made at 33 °C,
under dim light (30 μmol photons m−2 s−1) on plates containing
the modiﬁed BG11 medium supplemented with 1% agarose and dif-
ferent antibiotics: 25 μg/mL spectinomycin and 10 μg/mL streptomy-
cin, 40 μg/mL kanamycin or 20 μg/mL chloramphenicol. Genomic
DNA was isolated from Synechocystis cells as described in [40]. To
conﬁrm the homoplasmicity and complete segregation of the differ-
ent mutants, PCR analysis and speciﬁc digestions by restriction en-
zymes were performed. To obtain the ΔApcDF double mutant,
ΔApcD cells were transformed with the ΔApcF plasmid.
2.4. Isolation of PBs, OCP and FRP
The puriﬁcation of PBswas performed according to the procedure ap-
plied in [13], with some modiﬁcations described in [20]. Brieﬂy, har-
vested cells were washed twice with 0.8 M potassium phosphate
buffer (pH=7.5) and concentrated to 1 mg of chlorophyll per mL. Cells
were then broken by vortexing in the presence of glass beads, 1 mM
EDTA, 1 mM caproic acid, 1 mM phenylmethylsulfonyl ﬂuoride, 1 mM
benzamidine and 50 μg/mL DNase. After 2 h of incubation with Triton
X-100 (2% v/v), debris were removed by centrifugation at 20000 g for20 min at 23 °C. The supernatantwas loaded in a sucrose gradient as de-
scribed in [20] and spun at 150,000 g, 23 °C for 5 h. The different layers
were collected and their absorbance spectra were recorded.
OCP was isolated from the over-expressing C-terminal His-tagged
ΔCrtR strain as described in [23]. FRP was puriﬁed from an Escherichia
coli strain over-expressing the short FRP from Synechocystis, using the
procedure described in [38].
2.5. Fluorescence measurements
2.5.1. PAM ﬂuoremeter
Fluorescence quenching and recovery weremonitored using a pulse
amplitude modulated ﬂuoremeter (101/102/103-PAM; Walz). Mea-
surements were made in 1 cm diameter stirred cuvettes. All experi-
ments carried on whole cells were performed at a chlorophyll
concentration of 3 μg/mL, at 33 °C. In vitro reconstitutionswere handled
at a phycobilisome concentration of 0.012 μM in 0.8 M (or 0.5 M) phos-
phate buffer, at 23 °C. Fluorescence quenching was induced in vivo by
1400 μmol.m−2 s−1 of blue-green light (Halogen white light ﬁltered
by a Corion cut-off 550-nm ﬁlter; 400 to 550 nm). In vitro blue-green
light of 900 μmol.m−2s−1 was used for quenching, whereas recovery
was recorded in the darkness.
2.5.2. Emission spectra
Fluorescence emission spectra were monitored in a CARY Eclipse
spectrophotometer (Varian). For studies at room temperature, sam-
ples were placed in a 1 cm diameter stirred cuvette. For 77 K mea-
surements, samples were collected in Pasteur pipettes then frozen
by immersion in liquid nitrogen. Excitation was made at 590 nm.
3. Results and discussion
3.1. The mutated PBs
In order to elucidate whether one of the phycobiliproteins emit-
ting at 680 nm is essential to the OCP-related ﬂuorescence quenching,
single and double PB mutants were constructed. The apcD and/or the
apcF gene of Synechocystis were interrupted by antibiotic resistance
cassettes leading to strains lacking one or both of the proteins
encoded by these genes. Mutants of Synechocystis and Synechococcus
PCC 7002 lacking these subunits were previously constructed and
their phenotype described by two other research groups [41,42]. In
the PBs of these mutants the ApcD subunit is replaced by an αAPC
subunit and the ApcF subunit is replaced by a βAPC subunit [41,42].
Thus, in the double mutant, the only 680 nm emitter is ApcE (or
Lcm). The ApcE subunit cannot be deleted. Its absence leads to the
lack of phycobilisome core assembly [12–15]. Instead we have con-
structed a Synechocystis ApcE mutant in which the Cys 190, normally
binding the phycocyanobilin, was changed to a Ser. In a similar mu-
tant, previously constructed in Synechococcus PCC 7002, ApcE binds
non-covalently an unusual chromophore, probably 3(Z)-phycocyano-
bilin which emits at 710 nm [42,43]. The details of the construction of
the different mutants are described in Materials and Methods.
Fig. 2A and B shows the 77 K ﬂuorescence spectra of PBs isolated
from Synechocystis WT and PB mutants. WT, ΔApcD, ΔApcF and
ΔApcDF PBs presented a major ﬂuorescence emission at around
674–684 nm, related to the terminal PB emitters, with a small peak
or shoulder at 655–665 nm related to PC and APC (Fig. 2A). The spec-
tra were normalized at the maximum of the emission in the
674–684 nm region to better visualize possible shifts in the maxi-
mum position. The maximum of ﬂuorescence was at 682–684 nm in
the WT and ΔApcD PBs containing ApcF and ApcE. The emission
was blue-shifted in the two other mutants lacking ApcF. This result
suggested that the lack of ApcF and its replacement by a βAPC subunit
modiﬁed the emission of the chromophore attached to ApcE. It is also
possible that the blue-shift of the emission of the trimer is related to
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Fig. 2. Fluorescence emission spectra of isolated phycobilisomes. (A) 77 K spectra of WT (black), ΔApcD (blue), ΔApcF (green) and ΔApcDF (violet) PBs. (B) 77 K spectra of WT PBs
(black) and ApcE-C190S PBs kept in the dark (red, dashed line) or after a 3'illumination with 5000 μmol photons m−2 s−1 white light (red, solid line). (C) Room temperature ﬂuo-
rescence spectra of WT, ΔApcD, ΔApcF, ΔApcDF, dark and pre-illuminated ApcEC190S PBs. Same colors as in (A) (D) Room temperature ﬂuorescence spectra of WT, ΔApcD, ΔApcF,
ΔApcDF and pre-illuminated ApcE-C190S PBs. Same colors as in (A). Spectra in A and D were normalized at their maximum of emission; spectra in B were normalized at 800 nm. All
the spectra were realized at the same PB concentration: 0.012 μM. Excitation was made at 590 nm.
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whereas in ΔApcF mutant cells it contains only one 680 nm emitter.
The absence of ApcF seemed to also modify the emission of ApcD
even though they are present in different trimers. Another explana-
tion could be that the emission of ApcD is always blue-shifted com-
pared to ApcE in Synechocystis. The ApcE-C190S mutated PBs
presented a third ﬂuorescence peak with a maximum at 710 nm
probably related to the unusual chromophore attached to ApcE
(Fig. 2B). The maximum of the peak of ﬂuorescence related to ApcD
and ApcF is at 674–676 nm. Thus, the emissions of these subunits
are blue-shifted compared to ApcE or are largely modiﬁed by the
lack of phycocyanobilin in the ApcE subunit. The strong 676 nm ﬂuo-
rescence emission in the dark spectra could be explained by a low ef-
ﬁciency in the energy transfer between the chromophores or most
probably by the absence of the 710 nm emitting chromophore in
around half of PBs. The emission at 710 nm was photo-labile. Illumi-
nation of ApcE-C190S PBs bleached the emission at 710 nm and large-
ly increased the emission at 674–676 nm indicating that the energy
transfer from ApcD and/or ApcF to the chromophore emitting at
710 nm was completely disrupted.
The ﬂuorescence spectra at room temperature of WT and mutated
PBs showed a typical maximum at 665 nm largely related to APC660
(Fig. 2C and D). OnlyWT PBs presented a clear shoulder at 680 nm re-
lated to terminal emitters (Fig. 2C). This could be explained by the
blue-shift of the emission of the terminal emitters in the other mu-
tants and/or a weaker energy transfer from APC660 to APC680 especial-
ly in ΔApcDF PBs which presented a slightly stronger emission at
665 nm (Fig. 2C). In ApcE-C190S PBs, the emission at 665 nm wasweaker than in the other PBs and a peak with maximum at 710 nm
was visible. As already observed in the 77 K ﬂuorescence spectra,
after illumination, this peak disappeared and the 665 nm emission
was doubled.
3.2. The OCP-related ﬂuorescence quenching in isolated PBs: in vitro
reconstitution
The WT and mutated PBs were illuminated in the presence of an
excess of OCP. The 77 K ﬂuorescence spectra of the PBs before and
after illumination shown in Fig. 3 clearly demonstrated that OCP
was able to induce ﬂuorescence quenching in all the mutated PBs.
As already described in a previous article [20], the emission at
650 nm related to PC was not quenched by the OCP while 70–80%
of the emission at 674–684 nm decreased. The ApcE-C190S PBs
were pre-illuminated to bleach the 710 nm emission before illumina-
tion in the presence of OCP.
To further characterize the interaction between the OCP and the
different mutated PBs and to look for differences in the strength of
the OCP binding, the effect of OCP and phosphate concentrations
were studied. The amplitude and the rate of ﬂuorescence quenching
depend on the OCP to PB ratio [20]. Lowering the phosphate concen-
tration from 0.8 M to 0.5 M induces a decrease on the strength of OCP
binding to the PBs [20]. Fig. 4 shows room temperature ﬂuorescence
spectra of phycobilisomes illuminated without OCP or in the presence
of 4 or 8 or 40 OCP per PB at 0.8 M phosphate. No signiﬁcant differ-
ences in the amplitude of ﬂuorescence quenching were detected be-
tween the different types of PBs.
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Fig. 3. Fluorescence quenching induced by illumination of PBs in the presence of OCP. 77 K ﬂuorescence emission spectra of unquenched (illuminated in the absence of OCP) (solid
lines) and quenched (illuminated in the presence of OCP) (dashed lines) PBs. The PBs were illuminated 3 min with white light (5000 μmol photons m−2 s−1) in the presence of an
excess of OCP (OCP-to-PB ratio 40). (A) WT (B) ΔApcD (C) ΔApcF (D) ΔApcDF and (E) apcE-C190S PBs.
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the rates of ﬂuorescence quenching were observed (Fig. 5B). The most
affected mutant was ApcE-C190S; the rate of ﬂuorescence quenching
was slower and the amplitude was smaller than in the WT and other
mutants. This difference was not observed at 0.8 M phosphate
(Fig. 5C). Gwizdala et al. (2011) clearly demonstrated that there is a di-
rect relationship between the quenching extent and the OCP binding
strength [20]. Thus, it seems that ApcE-C190S PBs bind OCP weakly
compared to the other PBs. This hypothesis was conﬁrmed bymeasure-
ments of dark ﬂuorescence recovery in the absence or presence of FRP.
Fluorescence recoverywas faster in the ApcE-C190Smutated PB than in
the WT and all other mutated PBs in the absence or presence of FRP(Fig. 6). As already shown in a previous publication [20], ﬂuorescence
recovery is faster in the presence of FRP, which helps the detachment
of the OCP from the phycobilisome.
3.3. The blue-green light induced quenching in whole cells
Induction of ﬂuorescence quenching by strong blue-green light was
also monitored in whole WT and mutant cells using a PAM ﬂuorometer
(Fig. 7). Dark adapted cells were transferred ﬁrst to low intensities
(30 μmol.m−2s−1) and then to strong intensities (1400 μmol.m−2s−1)
of blue-green light. The ΔApcD, ΔApcF and ΔApcDF mutant cells pre-
sented a higher Fo level (minimal ﬂuorescence level in dark-adapted
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1423D. Jallet et al. / Biochimica et Biophysica Acta 1817 (2012) 1418–1427cells). The Fo level of cyanobacteria measured in a PAM ﬂuorometer de-
pends on the cellular phycobiliprotein concentration and on the efﬁ-
ciency of energy transfer from the PBs to the reaction centers. The
PAM Fluorometer uses a measuring light (650 nm) that is efﬁciently
absorbed by the PBs [44]. Absorbance spectra showed that the ratio
PC to Chlwas similar in all the strains. In contrast, all these Synechocystis
mutants are affected in energy transfer from the PBs to the reaction cen-
ters [41]. The most affected is the ΔApcDF mutant presenting the high-
est Fo level [41]. This was also observed in ﬂuorescence spectra at room
temperature of WT and mutant cells (Fig. 7F). All spectra presented a
maximum at 665 nm related to APC. However, the shoulder at680 nm, which is related to energy transfer to PSII chlorophyll, was
clearly visible only in WT cells. In the ΔApcD mutant, the shoulder
was still visible but an increase of the 665 nm ﬂuorescence was ob-
served. This increasewas larger in theΔApcF andΔApcDFmutants indi-
cating lower energy transfer from the PBs to the reaction centers.
In dark-adaptedWT Synechocystis cells, the PQ pool is reduced and
the cells are in the low PSII ﬂuorescent State 2 [45,46]. Upon illumina-
tion, a clear increase of the maximal ﬂuorescence level (Fm’) associat-
ed to a transition to State 1 was observed in WT and ApcE-C190S cells
(Fig. 7A and B). The transition to State 1 is induced by the oxidation of
the pool of PQ that occurs in the dark to light transition. The
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and ΔApcDF cells (Fig. 7). The lack of ApcD and ApcF largely inhibits
the mechanism of state transitions [15,41]. This was explained by
the fact that in Synechococcus 7002, energy transfer from PBs to PSI
needs ApcD while ApcF is needed to transfer energy to PSII. Thus inthe Synechococcus PCC 7002 ApcD mutant, PBs always transfer the
absorbed energy principally to PSII even in conditions inducing reduc-
tion of the PQ pool while in theΔApcFmutant PBs transfer preferential-
ly to PSI under all conditions [47]. Different results were obtained with
Synechocystis cells, in which ApcD plays a minor role in energy transfer
and ApcF is needed for energy transfer to both photosystems [41]. Ener-
gy transfer from PBs to photosystems and the causes for inhibition of
state transition inΔApcD andΔApcF Synechocystismutants are current-
ly being re-studied in our laboratory.
Nevertheless, once the low light adaptedWT and mutant cells were
exposed to a strong blue-green light, ﬂuorescence quenching was in-
duced in all the strains (Fig. 7). The amplitude and rates of quenching
of maximal ﬂuorescence were rather similar in all the strains (Fig. 8).
Thus, ApcD andApcF are not required for the OCP-dependent photopro-
tective mechanism to occur. Moreover, ﬂuorescence quenching does
not depend on the functional connectivity of the phycobilisomes: WT
and ΔApcDF phycobilisomes were similarly quenched even though
the efﬁciency of the energy transfer from the latter PBs to the reaction
centers was largely reduced. Also in Anabaena PCC 7120 cells, the ab-
sence of ApcD did not reduce the ﬂuorescence quenching induced by
strong blue-green light [48].
The lower and smaller ﬂuorescence quenching observed with the
isolated ApcE-C190S PBs was not detected in whole cells. In vitro, the
non-covalent binding of the unusual chromophore and moreover the
loss of this chromophore probably destabilized the conformation of
the core, provoking a weaker binding of OCP. Illumination of cells
even with strong intensities of white light did not induce the loss of
the 710 nm emitting chromophore (Fig S3). Thus, the stability and
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Fig. 7. Changes of ﬂuorescence levels induced by different intensities of blue-green light in WT and mutant cells. (A to E) Measurements of ﬂuorescence yield by a PAM ﬂuoremeter
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1425D. Jallet et al. / Biochimica et Biophysica Acta 1817 (2012) 1418–1427conformation of the PB core must be less perturbed in vivo than in
vitro allowing a better OCP binding. We can conclude that ApcE is
not the site of ﬂuorescence quenching.
4. Conclusions
Our results clearly demonstrated that ApcD and ApcF are not essen-
tial to the OCP-related phycobilisome ﬂuorescence quenching. The fact
that the ApcE-C190S PBs were quenched by strong blue-green light inthe cells, strongly suggested that the usual phycocyanobilin chromo-
phore attached to ApcE and emitting at 680 nm is not directly involved
in OCP induced quenching. This was conﬁrmed by in vitro experiments,
in which OCP is able to induce phycobilisome ﬂuorescence quenching
even in the absence of any chromophore attached to ApcE.
Recently spectrally-resolved picosecond ﬂuorescence measure-
ments on WT and OverOCP Synechocystis cells in the quenched and
unquenched states were realized [49]. The global and target analysis
of the obtained data strongly suggested that quenching takes place
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Fig. 8. OCP related ﬂuorescence quenching in the WT and mutant cells. Decrease of
maximal ﬂuorescence induced by illumination with strong blue-green light
(1400 μmol photons m−2 s−1) in WT (black), ΔApcD (blue), ΔApcF (green), ΔApcDF
(violet) and ApcE-C190S (red) cells. Data shows the mean (± SD) of at least three in-
dependent experiments.
1426 D. Jallet et al. / Biochimica et Biophysica Acta 1817 (2012) 1418–1427at the level of APC660 [49]. Since this conclusion depends on the
model utilized and on the ﬁtting of the data, they must be conﬁrmed
by other methods. Our results, with a completely different approach,
also strongly suggest that OCP interacts with APC660 trimers and
quenches their ﬂuorescence.
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